Under appropriate laser exposure, a thin film of InSb exhibits a sub-wavelength thermally modified area that can be used to focus light beyond the diffraction limit. This technique, called Super-Resolution Near-Field Structure, is a potential candidate for ultrahigh density optical data storage and many other high-resolution applications. We combined near field microscopy, confocal microscopy and time resolved pump-probe technique to directly measure the induced sub-diffraction limited spot in the near-field regime. The measured spot size was found to be dependent on the laser power and a decrease of 25% (100nm) was observed. Experimental evidences that support a threshold-like simulation model to describe the effect are also provided. The experimental data are in excellent agreement with rigorous simulations obtained with a three dimensional Finite Element Method code.
Introduction
In order to break the fundamental diffraction limit in optical systems, many techniques based on near-field optics have been proposed in the past years. By restoring the information carried by evanescent fields, otherwise lost during propagation, resolution beyond the diffraction limit can be achieved. These techniques immediately find their applications in areas such as microscopy [1] , lithography [2] , and optical data storage (ODS). For ODS applications, any attempt to retrieve evanescent information must be done in the vicinity of a fast spinning optical disc. Therefore, techniques which require a near field probe to be kept within nanometer distance from the rotating disc will face major issues regarding rigorous distance control systems. This applies to both near field optical recording [3] and optical recording using a solid immersion lens [4, 5] . To overcome these difficulties, a completely different approach has been proposed by Tominaga et al. [6, 7] . In the so called Super-REsolution Near-field Structure technique (Super-RENS), the focused laser beam induces a reversible subwavelength optical aperture in a thin layer of a Sb-based phase-change material close to the data layer. Therefore, no major modification of the Blu-Ray readout system is required since the layer itself, by means of the optical aperture, works as the near-field probe. By using this technique, Tominaga was able to readout data marks far beyond the diffraction limit, with excellent carrier-to-noise ratio (CNR). More recently, the InSb semiconductor was proposed as an alternative material to develop high-capacity Super-RENS optical discs [8] . In contrast to phase-change materials, a reversible sub-wavelength optical scatterer is generated in the InSb layer upon laser radiation, as schematically represented in Fig. 1 . In addition to excellent CNR values, a very low bit error rate in the range of 10 −5 (much better than the 3 × 10 −4 criterion holding for Blu-Rays) was measured [9] . With this material, high-definition video playback from a Super-RENS 46 GB optical disc was demonstrated for the first time [10] . Despite the good results, the detailed underlying physical mechanism of the Super-RENS effect, created by heating a sub-wavelength area with the incident focused laser, still has to be fully explained. The most recent contribution in this direction was given by Simpson et al. for SbTe materials [11] . In their study, they demonstrated that thermal vibrations can disturb the p-orbital interaction present in the octahedral coordination of the crystalline Sb alloys, resulting in a local and reversible refractive index change. For the semiconductor InSb, the increase of the extinction coefficient is believed to be due to the decrease of the band gap energy E g as function of the temperature, as demonstrated by Ohkubo et al. [12] . Hence, the Super-RENS technique is a very active field that has attracted many researchers, due to its advantages over other near field techniques [13] [14] [15] [16] [17] .
From a practical point of view, it is essential to understand the effect of the opened optical aperture/scatterer on the profile and intensity of the focused laser spot, regardless of its cause. For the aperture-type of Super-RENS materials, the interaction of the optical aperture and the laser beam is expected to result in a local focused spot that is not limited by diffraction. In this way, readout of data marks beyond the diffraction limit is possible. On the other hand, for scatterer-type of Super-RENS materials, the effect of the optical scatterer on the focused spot is not so straightforward to interpret. In fact, it has been proposed that surface plasmons enhancement or the strong interaction of the evanescent scattered field with the underneath data marks are the main responsible mechanisms for the readout signal beyond the diffraction limit [18] [19] [20] . Thus, for this type of Super-RENS material, a direct measurement of the focused spot after its interaction with the local sub-wavelength scatterer will greatly improve the overall understanding of the readout mechanism. In addition, for further development of the Super-RENS technique, it is necessary to develop and validate a simulation model that accurately predicts the focused spot characteristics after its interaction with the induced optical aperture/scatterer. In this work, we aim to experimentally measure, in the near-field regime, the Super-RENS focused spot after being transmitted by a super-resolution layer containing an active scatterer-like InSb super resolution layer. Three experimental techniques were used for this purpose. The experimental conditions in which the Super-RENS effect takes place were investigated by a time resolved pump-probe technique, adapted from the Thermal Lens technique [21] , and Confocal Microscopy in reflection. Near-field measurements of the focused spot were performed using a commercial SNOM microscope, in direct contact with the surface of the Super-RENS sample. Moreover, a phenomenological model supported by experimental evidences was developed and run by a rigorous three dimensional (3D) Finite Element Method (FEM) tool [22, 23] to account for the Super-RENS effect and the resulting modification of the focused spot profile. The paper is organized as follows: details of the experimental setups are described in §2, while in §3 we present preliminary experimental measurements. In §4 we describe the intensity threshold model of the Super-RENS effect. In §5 we show the near-field measurements of the Super-RENS focused spot and compare the results with the simulations. Conclusions of this work are given in §6.
Experimental setup
A schematic diagram of the experimental setup is shown in Fig. 2 . A diode laser operating at 405 nm wavelength (Laser Components, CS4051205X) was connected to a pulse generator (Tabor Electronics, Model 8600). For the time resolved pump-probe measurements, the sample was mounted on a stage translator, placed in the focal plane of the 100 mm singlet lens. The modulated blue laser was used as the excitation and probe beam. A fast photodetector (FPD), connected to an oscilloscope (Rigol DS1302CA), was used to pick-up the signal transmitted through the sample. For confocal microscopy and near field measurements, the pulsed laser Under laser radiation, a sub-wavelength thermally induced region, smaller than the area of the focused spot, is generated in the super resolution layer. Within this region, the sample optical parameters (i.e., the permitivitty) are temporarily changed. For certain materials, the induced region (represented in yellow, on the left) becomes less absorbing than the outer region (blue). Therefore, an optical aperture is formed. For the InSb sample, the induced region (represented by green, on the right) becomes more absorbing than the outer region. Therefore, an optical scatterer is formed.
beam was coupled into a single mode fiber and redirected to the SNOM microscope (Witec Alpha 300S). Modifications were done in the SNOM scanning table to include a DVD lens (NA=0.6, corrected for 600μm glass plate), mounted on a 20μm piezo stage (Jena Mipos 20). The sample was placed in the focal region of the DVD lens. Near-field maps of the focused spot were taken in a 2 × 2μm 2 scanning window. To perform confocal microscopy in reflection, a red laser (Spectra-Physics He-Ne, λ = 632nm) was focused onto the sample through a high NA objective (Leitz Wetzlar NA= 0.90/100x). In this study, we used InSb-based Super-RENS samples, consisting of 5 layers of ZnS:SiO 2 35nm / ZrO 2 15nm / InSb 20nm / ZrO 2 15nm / ZnS:SiO 2 35nm, deposited on a 600μm glass substrate by magnetron sputtering. A sample consisting of 35nm ZnS:SiO 2 was also fabricated for reference. The complete stack layer of the sample is shown in Fig. 1 .
Preliminary measurements
Prior to the near field measurements, two preliminary tests were carried out to determine the experimental conditions in which the Super-RENS effect takes place. First, we used confocal microscopy to determine the laser intensity necessary to change the optical parameters of the sample, after being focused by the DVD lens. A single laser pulse with 1 ms duration and power higher than 4.0mW (equivalent to power density of P d ≈ 7mW/μm 2 in focus), caused a permanent modification of the optical parameters of the InSb sample. In other words, the sample is not able to restore its initial crystalline state after absorbing this amount of energy and as a result, a permanent mark will be formed. Within the range 1.0mW-4.0mW, the change in the optical parameters is reversible. This is the power range for which the Super-RENS effect takes place. Power values smaller than 1.0mW did not trigger any optical change. Analysis of the permanently formed marks at high power illumination conditions was performed by confocal microscopy for different focusing conditions. The shape of the permanently modified marks followed exactly the shape of the spot incident on the sample. The mark has a donut shape for a defocused spot and an approximately circular shape for a focused spot, as shown in Figs. 3(a) and 3(b), respectivelly. These observations confirm that the refractive index of the InSb material locally changes only above an intensity threshold and suggest that, in the power range where the Super-RENS takes place, the thermally-modified region will also follow the focused spot symmetry. Thus, for a circular symmetric focused spot, the modified area can be described by a cylinder, with height equal to the Super-RENS layer thickness and radius directly linked to the incident power. This description forms the basis for the threshold-like model that was established to describe the Super-RENS effect. More details of this model are presented in the next section.
In the following, the non-linear response of the InSb sample was investigated as a function of time to determine the incident pulse parameters required to trigger the Super-RENS effect. Square pulses of different width and 50% duty cycle were incident on the samples. In the case of the reference ZnS sample, the pulses were perfectly replicated in the detected signal, as shown by the blue curve in Fig. 4(a) . In contrast, the InSb sample showed a non-linear response. As the thermally-modified area progressively increases in size, the laser intensity reaching the detector decreases by a factor of approximately 20%, until a stationary state is reached. At this point, the sample region illuminated by the focused spot becomes more absorbing/reflective than outside the illuminated region. As seen in Fig. 4(a) , the stationary state is reached after approximately 120μs for a pulse of ≈ 3mW/μm 2 incident on the sample. Considering that the radius of the focused spot from the DVD lens is about 40 times smaller than the spot focused by the lens used in the time resolved pump-probe setup (NA ≈ 0.1), we roughly estimate that the stationary state will be reached in about 120μs/40 ≈ 3μs in the actual Super-RENS measurements.
To verify the above prediction, the evolution of temperature as a function of time was calculated by solving the fundamental equation based on linear transient thermal conduction, Eq. 1,
where, α = k/ρC p is the thermal diffusivity, k is the thermal conductivity coefficient (4.45W /m/ o C), ρ is the density (5760kg/m 3 ), C p is the specific heat (210J/kg/ o C), and T is the temperature. The source term, g(r,t) gives the amount of heat energy per unit of time and volume generated in the InSb layer, and is proportional to the squared Airy function, [J 1 ( 2πNA λ r)/( 2πNA λ r)] 2 times the pulse time dependence, where J 1 is the Bessel function of first kind, NA = 0.6 and λ = 405nm. In this model, r is the radial direction, r = r(x, y), and the z dependence of T was neglected. As initial boundary value conditions, we assumed T (r,t = 0) = 300K and T (r = r max ,t) = 273K. The values k, ρ, C p and the proportionality constant were obtained from the reference [24] . The Eq. 1 was solved with a 2D Finite Element Method code implemented in Matlab environment.
The calculated temperature distribution for an infinitely long and thin InSb layer confirms the above prediction about the response time, as shown in Fig. 4(b) . In conclusion, to trigger the Super-RENS effect, pulses with duration shorter than 3μs should be used. These considerations set the experimental illumination conditions to be used in §5 for the characterization of the Super-RENS focused spot by SNOM.
Threshold model
The confocal microscopy measurements have evidenced that the optical parameter change follows the focused spot symmetry, suggesting that the permittivity of the InSb layer can be con- sidered as a function of position, ε = ε(x, y), to represent the local thermally-modified region. Thus, if the focused laser spot has circular symmetry, which can be generated by a circularly polarized plane wave at the entrance pupil of a lens with NA = 0.6, the thermally induced subwavelength region will also have circular symmetry. In other words, considering that the InSb layer is initially in its crystalline state, having a refractive index n 1 , the refractive index will locally change from n 1 to n 2 under laser exposure in a region smaller than the focused spot total area. In practice, this region corresponds to a cylinder with radius r and height equal to the thickness of the super resolution layer. The radius r of the cylinder will increase as the laser power increases whereas a low intensity laser will not trigger the change of the refractive index at all. Figure 5 schematically explains the threshold model and shows the computational domain used in the 3D-FEM simulations. In all simulations, a cluster of four AMD Quad-Core Opteron F8354 (2.2GHZ) with 128Gb of internal memory, operating under Linux environment was used. Elements of order 2 were used on a hexahedral mesh with total size of 840 × 840 × 300 nm 3 . A perfectly matched layer with width of 80nm width in all directions was defined to truncate the computational domain. The number of unknowns could be as high as 800 × 10 3 and the total execution time of each calculation was about 5 hours.
As an example, Fig. 6(a) shows the normalized total electric field (|E t | 2 = |E x | 2 + E y 2 + |E z | 2 ) computed in the xz plane for the complete Super-RENS stack layer, in the presence of an optical scatterer with r= 50nm. The z-axis shows the position of each layer as they are defined in the computational domain. The color bar on the left side indicates the nature of each layer. The geometrical focal plane is chosen to be at z= 0nm, which lies inside the Super-RENS layer. From the computed electric field distribution, we plotted the intensity profile in the z plane 5nm below the ZnS-SiO 2 /air boundary, as indicated by the dotted yellow line. This particular z-plane is chosen to allow comparisons with the near-field profiles measured experimentally with the SNOM microscope, since the probe will be in contact with the ZnS-SiO 2 layer. The electric field profile computed for different radii of the cylindrical region (r= 50nm, 170nm and 200nm) is displayed in the Fig. 6(b) . When the scatterer region has a small radius, r= 50nm, a small portion in the central region of the incident spot where the intensity is the highest, will The Super-RENS effect is described by a local change in the refractive index of the super resolution material in a region inside the incident focused spot. This region is considered to be a cylinder with radius r and height equals to the thickness of the Super-RENS layer. The refractive index inside the cylinder is set to n 2 . Outside the cylinder the refractive index remains n 1 , corresponding to the refractive index of the InSb layer in its crystalline state. The 3D computational domain has size of 840 × 840 × 300nm 3 with refined mesh in the portion where cylinder has to be represented. The refractive indices used, obtained from Ref. [25] , are also provided. be partially absorbing. The resulting spot profile after the Super-RENS layer will show a gap in its center, as seen in the blue curve (tagged with cross). As the radius of the scatterer region is increased, the gap in the spot profile disappears, resulting in a 'wing-shaped' profile (red curve, tagged with circles). At this point, the full width at half maximum (FWHM) of the spot is larger. For a sufficiently large scatterer region, the 'wings' will move downwards, leaving behind a spot profile with smaller FWHM. 
Near-field Super-RENS spot measurements
The Super-RENS spot measurements were carried out in the near-field regime, i.e., with the SNOM probe in contact with the sample surface. In order to determine the best focus, a set of measurements were taken at different planes in the focal region. From the measurements, the smallest spot with highest intensity is considered to be the best focused spot. In the ideal case, the theoretical spot FWHM is in the order of λ /2NA= 340nm. However, since the laser beam has a Gaussian profile on the entrance pupil of the DVD lens, the smallest experimental spot size measured in the reference ZnS-glass sample was found to be 380 ± 5nm whereas in the InSb sample (at low power), it was 376 ± 5nm. These values set the minimum focused spot size achievable in our setup when no Super-RENS effect was activated.
From the preliminary experiments reported in § 3, it is expected that the Super-RENS effect will occur for an incident laser power in the range of 1mW up to 4mW. In addition, the incident laser must be pulsed with duration below 3μs. Figure 7 (a) shows the measured spot intensity distribution (normalized to unity) for the reference ZnS and for the InSb samples, with a 200ns pulsed laser at 2mW. The measured FWHM remains 380 ± 5nm for the ZnS sample and it decreases down to 290 ± 5nm for the InSb sample. Thus, a reduction of ≈ 25% (100nm) in the spot FWHM due to the scatterer region formed in the InSb material is achieved. Figure 7(b) shows the normalized intensity profile of the two measured spots, taken at the dotted yellow line on the field maps. A 'needle-like' shape profile of the Super-RENS spot is found. This is, undoubtedly, a proof that the thermally-modified area in the scatterer-type Super-RENS layer does have direct influence on the focused spot profile and size. Hence, the occurrence of spot size reduction in scatterer-type Super-RENS materials is likely to be the main mechanism responsible for a readout signal beyond the diffraction limit. The experiments on Super-RENS discs conducted by Tominaga et al. [6] suggests that the laser power may directly influence the size of the modified focused spot. Under this consideration, we measured the FWHM as a function of the laser intensity, as shown by the black dotted curve tagged with filled stars in Fig. 8 . For 200ns pulses, the spot size reduction associated with the Super-RENS effect occurred in the power range 1.3-3.5mW. The minimum spot size was 290nm at 1.8mW, and approximately 300nm in the power range 2.0-2.5mW. At higher power, it progressively increases again. At 4mW, no reduction is observed and the irreversible state of the Super-RENS layer is reached. A similar behavior was also observed at 250ns and 500ns pulses duration (not shown here). In all cases, nonetheless, a spot size with FWHM smaller than 300nm could be repetitively observed. In contrast, in the full power range measured, the spot focused on the ZnS reference sample had a constant FWHM of ≈ 375nm. For comparison between experiments and simulations, Fig. 8 also shows the simulated spot size computed as function of the scatterer radius (red line tagged with circles). The simulated spot size reaches a maximum value for r= 150nm and abruptly decreases afterwards. For r= 250nm, a minimum spot size is reached. As the scatterer radius increases to values larger than r= 250nm, the spot size gradually increases again. This behavior is in excellent agreement with the experimental results. In Figs. 9(a)-9(d) the measured and the simulated spot profiles used to extract the FWHM at the four positions, (a)-(d) indicated in the Fig. 8 are displayed. From Fig. 9(a) , we notice that the 'wings' predicted by the threshold model are present in the measured spot, though they are less pronounced. Nevertheless, both measurement and simulation show a spot with large FWHM. At the position (b), plotted in Fig. 9(b) , the peculiar 'winged' spot shape have moved downwards and at position (c) they have completely disappeared, leaving behind a spot size with smaller FWHM, as shown in Fig. 9(c) . At this point, (c), both simulation and measurement show a very narrow focused spot. As the laser power increases, and the radius of the thermally induced scatterer increases accordingly, the spot FHWM tends to increase as well, as shown in Fig. 9(d) . In all cases, the simulated spots showed a very good agreement with the measured profiles, providing strong evidence that the threshold model is as a good approximation to describe the Super-RENS effect. Fig. 8 . Measured and simulated spot size as function of the laser power and scatterer radius, respectively, for a 200ns incident pulse length. A spot size reduction occurs for the scatterer-type of Super-RENS material in a certain laser power range. At this range, the measured spot size is not limited by diffraction. A good agreement between measurements and simulation is found.
Conclusion
In conclusion, we experimentally observed that the thermally-activated scatterer area generated in an InSb Super-RENS sample upon laser excitation has direct and noticeable influence on the focused spot size. Indeed, a reduction of the FWHM of 25% (100nm smaller than the limit of the setup) was measured. The unintuitive spot size reduction in scatterer-type Super-RENS material provides an explanation for the readout of data marks beyond the diffraction limit in optical discs. Moreover, the spot size dependence on parameters such as laser power and pulse width was verified. Experimental results suggest that the super-resolution effect can be modelled optically by a power threshold model. The implementation of the model in a 3D-FEM was shown, and the simulation results were found to be in excellent agreement with the experimental measurements. Therefore, this work contributes to improve the general understanding of the Super-RENS effect in the InSb materials as well as establishing ideas on which advanced microscopy, laser writing and lithography could take advantage.
